Abstract. Patient-derived colorectal tumor organoids (CTOs) closely recapitulate the complex morphological, phenotypic, and genetic features observed in in vivo tumors. Therefore, evaluation of drug distribution and metabolism in this model system can provide valuable information to predict the clinical outcome of a therapeutic response in individual patients. In this report, we applied matrix-assisted laser desorption/ ionization mass spectrometry imaging (MALDI-MSI) to examine the spatial distribution of the drug irinotecan and its metabolites in CTOs from two patients. Irinotecan is a prodrug and is often prescribed as part of therapeutic regimes for patients with advanced colorectal cancer. Irinotecan shows a time-dependent and concentrationdependent permeability and metabolism in the CTOs. More interestingly, the active metabolite SN-38 does not co-localize well with the parent drug irinotecan and the inactive metabolite SN-38G. The phenotypic effect of irinotecan metabolism was also confirmed by a viability study showing significantly reduced proliferation in the drug treated CTOs. MALDI-MSI can be used to investigate various pharmaceutical compounds in CTOs derived from different patients. By analyzing multiple CTOs from a patient, this method could be used to predict patient-specific drug responses and help to improve personalized dosing regimens.
Introduction
A s solid tumors develop, aberrant and insufficient vascularization gives rise to regions within the tumor that lack adequate nutrient and oxygen levels. This same feature can also hinder the administration and effectiveness of small molecule chemotherapeutics, which rely on passive diffusion through the tumor to reach their intended targets [1] [2] [3] . Cells residing in regions of the tumor that lack adequate vascularization are shielded from the drug or encounter a lower effective dose. Distribution and metabolism of drugs throughout solid tumors are key factors for tumor responses to therapeutics, and need to be studied in great detail.
Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) is a powerful analytical methodology that enables spatial examination of molecules in a solid sample. Our research group has previously applied MALDI-MSI to examine the distribution of endogenous and exogenous molecules in three-dimensional cell cultures, or spheroids, derived from immortalized cell lines [4] [5] [6] [7] [8] [9] [10] [11] . In particular, we have mapped the spatial patterns of the antineoplastic pro-drug irinotecan and its active and inactive metabolites in spheroids [5] . Irinotecan is a frontline topoisomerase I inhibitor used in the treatment of colorectal cancer (CRC). Upon hydrolysis by carboxylesterases within the target cell, irinotecan is converted into its active metabolite SN-38. However, SN-38 can be further metabolized into an inactive form, SN-38 glucuronide (SN-38G) by uridine diphosphate glucuronosyltransferases (UGTs) [12] . Several studies have shown that 3D spheroid models are less sensitive to a variety of drugs, including irinotecan, compared with in vitro 2D monolayer models, largely due to drug diffusion limitations [13] [14] [15] . While spheroids are able to reproduce some aspects of tumor biology observed in patients, they are unable to recapitulate the morphological, phenotypic, and genetic heterogeneity of in vivo tumors. To better understand how such heterogeneity may impact drug diffusion, distribution, and metabolism, we sought to extend our previous findings in spheroids to a patient-derived colorectal tumor organoid (CTO) model of cancer.
Spheroids often adopt a spherical shape that does not faithfully capture the more complex morphological structures observed in patient tumors. CTOs are capable of retaining many of these aspects, in particular villi and crypt structures, which allow for the growth and maintenance of local niches characterized by unique cell types. CTOs contain multiple intestinal cell types, including Lgr5+ adult intestinal stem cells (ISCs) as well as further differentiated goblet and endocrine cells [16] . These various cell types contribute to the complex organization and cellular relationships, and include cell signaling networks that are lost in traditional cell culture models. Previous research has shown that these different cell types utilize distinct metabolic programs with Lgr5+ cells displaying increased mitochondrial activity compared with more differentiated Paneth cells [17] . Reactive oxygen species produced during mitochondrial oxidative phosphorylation activity then drives the differentiation of Lgr5+ cells and crypt formation [17] . Furthermore, addition of fatty acid constituents such as palmitic acid to CTO culture media increases the number of Lgr5+ cells that are required for the initiation, maintenance, and metastatic capacity of CTOs in vitro [18] [19] [20] .
Owing to the difficulty in establishing new cancer cell lines, the full spectrum of cancer genotypes is inadequately represented by those lines currently available [21, 22] . CTOs can readily be established with high success rates from patient primary and metastatic resected tissue, allowing for the study of a diverse set of lines that accurately represent the genetic spectrum of cancer types [23] . Similarly, in vitro cell lines have been shown to be phenotypically distinct from their tumor of origin; indeed gene expression profiles of tumors tend to be more similar to the corresponding normal tissue then they are to cell lines [24, 25] . CTOs present a novel platform for directly evaluating drugs in patient-specific tumor tissue, and previous studies suggest that drug response in organoids corresponds to drug response in the host from which the organoids are derived [26, 27] . For the analysis of drug response, molecular and chemical assays can also be used. However, many of these methods require extracting substrates from cells or tissue fixation, which eliminates all spatial information, morphology, and heterogeneity. Therefore, there is a great need for imaging techniques for the study of organoid behavior and the analysis of drug response. Light microscopy, fluorescent microscopy, time-lapse microscopy, multiphoton fluorescence imaging, and optical coherence tomography (OCT) are some optical imaging technologies used to study organoids [26] [27] [28] [29] [30] [31] [32] [33] [34] . Specifically, optical metabolic imaging (OMI) is a multiphoton microscopy to detect the intrinsic fluorescence intensities and lifetimes of nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD), coenzymes of metabolic reactions. OMI has been shown to be a sensitive technique to assess druginduced changes in cellular metabolism of organoids to predict the action of anticancer compounds [28, 32] . However, this technique does not allow direct imaging of drugs and drug metabolites to evaluate the distribution and metabolic properties of therapeutics in organoids. Alternatively, extending label-free MSI from cell line derived spheroids to CTOs will facilitate the exploration of how different cell types within CTOs respond to treatment and to what extent patient-topatient heterogeneity influences drug penetration and distribution, ultimately impacting treatment response. This approach might also provide a method to rapidly evaluate whether drugs or drug combinations will be metabolized for a specific patient, thus providing a personalized assessment of drug efficacy.
Methods

Cell Culture and Growth of the CTOs
Tissue from primary colon tumors and liver metastases was collected from patients who received informed consent for a research specimen protocol approved by the University of Southern California Internal Review Board. Patient tumors were washed in PBS, minced, and digested with 1.5 mg/mL collagenase, 20 μg/mL hyaluronidase, and 10 μM Ly27632. For organoid formation, isolated cells were seeded in Cultrex Basement Membrane Extract Type II (Trevigen, Gaithersburg, MD, USA) and cultured in defined media (described by Sato and Clevers [16, 35] ): Advanced Dulbecco's modified Eagle's medium/F12 supplemented with 10% FBS, 1% penicillin/ streptomycin, 1% HEPES, 1% GlutaMax, 1 × N2 (Sigma Aldrich, St. Louis, MO, USA), 1 × B27 (Sigma Aldrich), 50 ng/ml EGF (Life Technologies, Carlsbad, CA, USA), 100 ng/ mL Noggin (Tonbo, San Diego, CA, USA) 1 mM Nacetylcysteine (Sigma Aldrich), 10 mM nicotinamide (Sigma Aldrich), 500 nM A 83-01 (EMD Millipore, Billerica, MA, USA), 10 mM SB202190 (Sigma Aldrich), and 0.01 mM PGE2 (Sigma Aldrich).
Drug Treatment and CTOs Harvest
For drug treatment studies, organoids were grown to approximately 500 μm in diameter and then treated with irinotecan or DMSO control. Irinotecan (Selleck Chemicals, Houston, TX, USA) was resuspended in DMSO and added to the culture media at the specified final concentrations. Fresh culturing medium supplemented with irinotecan was added every day for the duration of the experiment. After 3 d of culturing, the media was aspirated and the organoids were washed three times with DPBS, treated with TrypLE Express (Thermo Fisher Scientific, Waltham, MA, USA) for 5 min after which time the TrypLE was removed, washed again in DPBS, and the organoids were covered in gelatin (350 mg/mL) and stored at -80°C. CTOs were then sectioned into 12 μm-thick slices using a Leica CM1850 cryostat (Leica Microsystems, Wetzlar, Germany) [5] . CTOs are usually within sizes ranging from 50 to 500 μm, which are too small to be visible in gelatin blocks during cryo-sectioning. Therefore, whole gelatin blocks were sliced. Hematoxylin and eosin (H&E) or immunofluorescence staining was then performed on part of the slides, to localize the CTOs. Once the CTOs were located on a slide, a consecutive glass slide was used for MALDI-MSI analysis.
Sample Preparation for MALDI-MSI Analysis
The general workflow for performing MALDI-MSI in CTOs is shown in Figure 1 . Irinotecan-d10 hydrochloride (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as the internal standard (IS) for relative quantitation [36] . Figure 2 illustrates the chemical structures of irinotecan, irinotecan-d10, SN-38, and SN-38G. IS was prepared at a concentration of 0.05 mM in nanoPure water. A TM-sprayer nebulizer (HTX Technologies, Carrboro, NC, USA) was used to apply the IS followed by the matrix for MALDI-MSI analysis. The IS was applied at 30°C for fur passes over the sample surface. The pressure was set at 10 psi, gas flow rate was 3 L/min, and nozzle height was 40 mm. The flow rate was 0.03 mL/min at a moving velocity of 1000 mm/min with a track spacing of 2 mm. There was a dry time of 30 s between each pass. The slides were then stored in a desiccator to dry overnight before matrix application. The matrix sDHB (mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) was purchased (Sigma, St. Louis, MO, USA) and prepared in 0.2% trifluoroacetic acid (TFA) (EMB, Billerica, MA, USA) and 50% acetonitrile to yield a final concentration of 10 mg/mL. For application of the matrix, the nozzle temperature was set to 70°C. The stage was moved at 1000 mm/min with 2 mm track spacing for a total of eight matrix coats. Drying time was 30 s between each pass. After matrix was applied, the sample was allowed ull dryness in a desiccator before MALDI-MSI analysis. H&E staining was performed on the same sections used for MALDI analysis after removing the matrix through methanol and ethanol washings.
MALDI-MSI and Data Analysis
Mass spectra were acquired on an UltrafleXtreme TOF/TOF mass spectrometer (Bruker Daltonics, Billerica, MA, USA) equipped with smartbeam II Nd:YAG 355 nm laser operating in reflectron, positive ion mode at 1000 Hz in the mass range of 200-1000 m/z. For MSI analysis, 1000 laser shots were accumulated at each pixel with a lateral resolution of 35 μm diameter using the Bsmall^focus setting under optimized delayed extraction conditions. External calibration was performed using a custom peptide mixture by spotting the standards on a region without gelatin near the CTOs section.
The data were visualized by FlexImaging (ver. 4.1; Bruker Daltonics) or analyzed with SCiLS Lab (ver. 2015; Bremen, Germany). Raw data was imported into SCiLS Lab software. The TopHat algorithm was used to remove baseline, and peak picking was performed using an orthogonal matching pursuit algorithm. Automatic spatial segmentation was used as a first step in data mining to distinguish between the CTOs region and the gelatin region. In this step, similarities between spectra were calculated and grouped into different clusters. All spectra were displayed as a color-coded spatial segmentation map according to their cluster assignment [37, 38] . Spectra from the CTOs cells were then saved as a new region and used for further statistical analysis. For supervised analysis, peaks that discriminated drug treated and untreated CTOs were elucidated by means of receiver operating characteristic (ROC) curves to find discriminating m/z signals [4] . Individual m/z images were created from the selected ions and the mean ion intensity normalized to the IS were calculated.
Immunofluorescence Staining and Imaging
CTOs samples were fixed in PBS with 4% (w/v) paraformaldehyde at room temperature (RT) for 30 min. Slides were then blocked and permeabilized for 20 min. Rabbit anti-Ki-67 primary antibody (Cell Signaling Technologies, Inc., Danvers, MA, USA), prepared at 1:100 dilution, was added and held in place on the CTOs section by surface tension for 2 h at RT. The goat anti-rabbit IgG-TRITC second antibody (Thermo Scientific), diluted at 1:100, was added the same way for 1 h at RT in the dark, followed by incubation with 4',6-Diamidino-2-phenylindole (DAPI, Sigma, St. Louis, MO, USA) at 1:500 for 5 min. After the second antibody and DAPI were removed and washed, mounting media (Thermo Scientific) was added and coverslip was placed on top of the glass slides. The slides were allowed to dry for 30 min in the dark, and then sealed with fingernail polish. Negative controls consisted of samples not incubated with the primary antibody, but only with the secondary antibody.
Confocal z-stack images were acquired on a Nikon A1R confocal laser microscope system (Nikon Instruments Inc., Melville, NY, USA). Optical sections were acquired at 2 μm intervals and stacked into a z-projection using software Fiji/Image J (National Institute of Health) from which fluorescence intensity was calculated. For quantitative comparisons, relative proliferation was determined by normalizing Ki-67 images by their corresponding DAPI intensities.
Results and Discussion
MSI is a powerful technology that has been applied to visualize endogenous and exogenous molecules including peptides, proteins, lipids, drugs, and metabolites [39, 40] . In pharmaceutical research, label-free MALDI-MSI has been used to evaluate therapeutics. A spatial resolution of 30 to 500 μm is standard for most MALDI-MSI experiments, which is comparable to the resolution of autoradiography [40] . However, a significant advantage of MALDI-MSI compared with other techniques is that it can also easily distinguish between drug molecules and their metabolites based on their specific mass-to-charge ratios. In previous studies, we have successfully implemented this technique with the spheroid model system to elucidate localization of drugs and metabolites [4] [5] [6] [7] [8] [9] [10] [11] . In this investigation, we are expanding the application of MALDI-MSI to assess drug response, distribution, and metabolism in patient-derived CTOs samples, which more closely mimic the complex 
Time Course of Irinotecan Penetration and Metabolism in 12620 CTOs
As a proof of concept study, we evaluated the distribution of irinotecan in CTOs. 12620 CTOs, derived from a colon metastatic to liver tumor, were treated with 20.6 μM irinotecan for different lengths of time (6 h or 24h). As shown in Figure 3 , irinotecan (m/z 587.3) is detected predominantly on the edge of CTOs after 6 h and fully penetrates into the core region of CTOs after 24 h of treatment. Spectra collected at different time points show that the average signal intensity from irinotecan is much higher in the 24 h treated CTOs compared with the 6 h treated ones, while no drug signal is observed in the control, untreated samples.
Two metabolites of irinotecan, the active metabolite SN-38 and inactive metabolite SN-38G, were also detected in the 24 h treated CTOs, but not in 6 h treated samples (Figure 4a Irinotecan has weak pharmacological activity in vitro. It is activated to generate the metabolite SN-38 in vivo after enzymatic cleavage by carboxylesterases 1 and 2 (CES-1 and CES-2), predominantly in the liver but also at the tumor site [12, 41] . Irinotecan and SN-38 also undergo extensive intracellular biotransformation yielding inactive metabolites. SN-38G is one of the inactive metabolites generated from SN-38 through phase II glucuronidation by UGTs 1A1, 1A6, 1A9, and 1A10 [41, 42] . Irinotecan and its metabolites are also regulated by extracellular efflux through transporters, including adenosine triphosphate-binding cassette transporter B1 (ABCB1), P-glycoprotein (MDR1), and multidrug resistance-related protein-2 (MRP2) [43] [44] [45] . Because CTOs contain multiple cell types including ISCs as well as further differentiated enterocytes, goblet cells, enteroendocrine cells, and Paneth cells [16] , irinotecan metabolism in these different cell types may be different, which could explain the distribution pattern of the parent drug and its metabolites observed by MALDI-MSI in this study. For example, recent immunohistochemical analyses indicate that the expression of CES-2 increases during differentiation of epithelial cells, with the highest expression observed in the surface epithelium, and diminished expression at the base of the crypt [46] . UGT proteins are found in all epithelial cells lining the colon [47, 48] . It has been shown that non-tumorigenic differentiated cells expressing high level of drug efflux pump ABCA1 protect the tumor ISCs from irinotecan treatment [45] . The various expression levels of key enzymes and transporter proteins in different cell types related to irinotecan activation, inactivation, and clearance may contribute to the variable response to the drug treatment in different regions of the CTOs. In summary, these data demonstrate the time-dependent penetration and metabolism of irinotecan in 12620 CTOs.
Concentration-Dependent Irinotecan Uptake and Metabolism in 12415 CTOs
To further study if irinotecan uptake and metabolism is concentration dependent, we treated 12415 CTOs, derived from a patient with a primary colon tumor, with 20 μM or 40 μM for 72 h, followed by MALDI-MSI analysis. Optical images of To determine whether irinotecan uptake and metabolism are concentration dependent, we first examined mass spectra for ions related to irinotecan and its metabolites. Product ions produced in positive mode by tandem mass spectrometry collision-induced dissociation (MS/MS CID) confirmed the presence of the precursor ion irinotecan (m/z 587.3) and the IS (m/z 597.3) in treated CTOs sections (Supplementary Figure 3) . ROC statistical analysis was performed to determine how well selected m/z values could be used to discriminate between the drug-treated and untreated samples. The area under the ROC curve (AUC value) represents the discrimination power for a variable. A perfect discrimination gives an AUC equal to 1 or 0. The closer the AUC is to 0.5, the less suitable the m/z value is to be used as a univariate criterion. In Supplementary Figure 4 , the signals from irinotecan (m/z 587.3), SN-38 (m/z 393.1), and SN-38G (m/z 569.2) were found to be highly discriminating between treated and untreated CTOs (AUC value > 0.8). By contrast, the IS (m/z 597.3) was uniformly applied on both treated and untreated CTOs; it shows an AUC value of 0.535, indicating no significant signal difference between different conditions. The ion images and mass spectra in Figure 5a confirm the detection of the drug and metabolite molecules only in the treated CTOs. Signals from the IS also show good reproducibility among samples with different treatment conditions (Supplementary Figure 5) .
We next examined the treated and untreated CTO samples to determine the relative quantification of irinotecan and its metabolites. Comparisons were made between different treatment conditions (Figure 5b and Supplementary Figure 6 ) and compared against the signal for the IS. We analyzed at least seven CTO replicates of these samples for each condition. A significant increase of normalized signal of total irinotecan related molecules (irinotecan, SN-38, and SN-38G) was observed in 40 μM treated CTOs compared with the 20 μM treated ones compared with the IS, illustrating an elevated drug uptake and metabolism with increased amount of drug treatment. In addition, signal detected from SN-38 was much lower compared with the parent drug irinotecan, indicating the limited conversion of SN-38 from the prodrug. The ratio of SN-38G to SN-38 can also serve as a useful pharmacokinetic marker to help determine the treatment efficiency and the development of drug resistance to irinotecan. To study the distribution pattern of irinotecan and its metabolites in the 12415 CTOs, irinotecan (m/z 587.2) and SN-38G (m/z 569.1) were found to be highly co-localized with a correlation value greater than 0.7 (p ≤ 0.05) as shown in Figure 6 and Supplementary Figure 7 . By contrast, the correlation of irinotecan (m/z 587.2) and SN-38 (m/z 393.1) or SN-38G (m/z 569.1) and SN-38 (m/z 393.1) were insignificant with a value around 0.2. Ion maps confirm this distribution pattern, indicating that SN-38 has a different localization compared with irinotecan and SN-38G. In accordance with the drug distribution pattern found in the 12620 CTOs, these interesting results may be closely related to how different cell types within CTOs respond to drug treatment and will be further analyzed in future studies.
Changes in CTOs Cell Proliferation Following Irinotecan Treatment
To complement the mass spectrometric detection of irinotecan in the CTOs and to evaluate a phenotypic effect of drug treatment, immunofluorescence staining of the proliferation marker Ki-67 was performed (Figure 7a ). The immunofluorescence staining pattern shows that untreated 12415 CTOs express Ki-67 predominantly in the outer region, whereas irinotecan-treated 12415 CTOs appear to have minimal Ki-67 staining, which is confirmed based on statistical analysis (Figure 7b ), indicating the anti-proliferative effect of irinotecan. This result demonstrates that 12415 CTOs respond sensitively to irinotecan treatment, leading to a decrease in cell proliferation, which is in accordance with the detection of drug and its active metabolite in CTOs by MALDI-MSI.
Conclusions
Drug distribution within 3D biological model systems like CTOs is highly dependent on drug penetration, drug decay, and cellular uptake. Mapping the localization of a drug and its metabolites could significantly help in evaluation of the therapeutic response. In this study, by extending the MALDI-MSI technique in CTOs, we have successfully mapped irinotecan and its metabolites in both a treatment-time and concentrationdependent manner. This novel methodology would be useful to uncover the potential effects of different cell types in affecting drug distribution and metabolism within CTOs. It could also be used to compare inter-patient heterogeneity by analyzing CTOs derived from multiple patients, which would provide invaluable data for improvement of dosing regimens and could lead to personalized medicine recommendations. Statistical relative quantification of Ki-67 changes in CTOs following drug treatment. Optical sections were acquired at 2 μm intervals and stacked into a z-projection from which fluorescence intensity was calculated. Data were normalized to DAPI intensity. Student t-test was used to test the statistical significance. ** p < 0.01
